Abstract-The GaAs/GaSb interface misfit design can achieve comparable efficiency to conventional inverted metamorphic multijunction cells at up to 30% cost reduction. In this preliminary work, GaSb single junctions were grown via molecular beam epitaxy on both GaSb and GaAs substrates to compare and fine tune the interfacial misfit growth process. Current vs voltage results show that the best homo-epitaxial cell achieved 5.2% under 35-sun concentration. TEM did not reveal any threading dislocations in the hetero-epitaxial cells, however, device results indicated higher non-radiative recombination than expected, likely due to unpassivated surface states. Improvements to cell processing will be explored and more characterization is planned to determine the cause of degraded hetero-epitaxial cell performance.
I. INTRODUCTION
Traditional multijunction solar cells consist of GaAs/InGaP 2 grown upright on a Ge substrate to form three lattice-matched junctions in series [1] . However, the Ge bottom cell, created in the substrate itself via dopant diffusion, is a weakness of the design as it absorbs nearly twice as many photons as is necessary for current matching [2] . The solution is a higher bandgap bottom cell, which can contribute more voltage at current-matched conditions. Unfortunately, no material exists that has the combined requirement of ideal bandgap and matched lattice constant, where the latter is needed to prevent device-degrading dislocation defects during epitaxial growth. Furthermore, the material problem is exacerbated when attempting to move to efficiency 4, 5, or 6 junction cells.
In 2007, Geisz et al. presented results on a triple-junction cell with 33.8% efficiency under one-sun AM1.5G with a design that took advantage of the GaAs/InGaP 2 ecosystem but used 2% lattice-mismatched In 0.3 Ga 0.7 As (1.0 eV) as the bottom cell [2] , accomplished with the use of a wide bandgap metamorphic buffer layer. Typically, the metamorphic layer is step-graded at ∼1.0% per μm and is designed to minimize the dislocations caused by built-up strain energy at the cost of increased growth complexity and up to 30% longer growth times. The buffer is not completely effective, however, and will typically result in misfit dislocations that thread mostly at a 60°angle into the subsequent growth with a dislocation density of about 1 × 10 6 cm −2 [3] . To prevent these dislocations from degrading the middle and top subcells, the cells are grown inverted and the GaAs substrate is removed in a technology known as inverted metamorphic (IMM) growth.
An alternative is interfacial misfit (IMF) growth, where high amounts of strain will allow for relaxation to occur via 90°misfit dislocations. In this way, the threading dislocations are confined to a thin interface layer and do not propagate along the growth direction [4] . In previous work [5] , GaSb was grown on GaAs (7.8% mismatch) with a threading dislocation density in the IMF GaSb layer measured to be 5 × 10 5 cm −2 by transmission electron microscopy (TEM), an even lower density than typical IMM growth. By growing an IMF GaSb bottom cell inverted on a GaAs/InGap stack in a similar manner to the IMM cell, competitive triple-junction cell efficiencies can be achieved with only a single IMF monolayer instead of a growth-intensive thick graded buffer. In addition, the GaSb lattice constant allows for a wide range of well-developed direct bandgap materials, such as InAsSb and AlGaSb, that could provide for cost-effective, highly efficient 5-J or 6-J cells when combined with GaAs/InGaP subcells. The long term potential of IMF technology may also see these high efficiency multijunction cells grown upright on less expensive silicon substrates via an additional AlSb IMF layer [6] .
Presented here are results for GaSb single junction solar cells grown homo-epitaxially on GaSb substrates and heteroepitaxially on GaAs substrates using IMF arrays. These cells will be used to test and optimize IMF growth, where demonstration of a GaSb cell with adequate current and voltage represents an important milestone for the intended inclusion of a GaSb junction in the multijunction designs.
II. EXPERIMENTAL
Samples were grown via MBE in a Veeco Gen 930 solidsource reactor. The epitaxial GaSb layers were grown at a growth temperature of 500°C with a V/III beam equivalent pressure of 6. The n-and p-type dopants were Te and Be, respectively, and Hall effect measurements were used to calibrate the doping profiles.
Control cells were grown on a p-type GaSb substrate after the growth of a GaSb buffer layer. For the IMF cells, a GaAs buffer layer was first grown on the p-type GaAs substrate at 580°C. A pause in the growth caused As desorbtion and a change in the reflection high-energy electron diffraction (RHEED) pattern from (2x4) to (4x2) indicated that the GaAs surface had become Ga rich. Sb 2 overpressure was then applied immediately and the RHEED pattern changed to (2x8) while the substrate was cooled to the GaSb growth temperature followed by GaSb buffer layer growth. Previous work has shown that this sequence results in the optimal periodic IMF array [5] .
The final epitaxial structure of the control cell is shown in Figure 1 , which has the same structure as the IMF cell with the exception of the substrate and buffer layer thickness. A p-type back surface field (BSF) layer was grown 30 nm thick with doping of 1 × 10 18 cm −3 . The p-type base and n-type emitter were grown 1000 nm and 125 nm thick with doping 1 × 10 17 cm −3 and 1 × 10 18 cm −3 , respectively. Growth of a 30 nm thick n-type AlGaSb layer doped to 4 × 10 18 cm
was used for the front window layer, followed by a 50 nm thick heavily doped (1 × 10 19 cm −3 ) n-InAs contact layer.
IMF and control cells were processed identically. The back contact metal stack of Au/Zn/Au was thermally evaporated onto the sample and annealed for 2 minutes at 400°C. Thermal evaporation of Ti/Au formed the front metal contacts. The 50 nm InAs contact layers was etched using a citric acid and peroxide mixture (1:5) for 50 sec. Mesa etching was accomplished via a dilute tetramethylammonium hydroxide solution at a rate of ∼25 nm/min. The tested cell size was 0.25 × 0.25 cm 2 .
All I-V measurements were taken with a Kiethley Source Meter. One-sun illumination was performed with a TSS solar simulator with AM1.5G filters installed, while concentration measurements of up to 15 suns used 4 lamps on a semihemispherical mount. A Newport IQE-200 was used to measure the spectral response of the samples.
A Sula deep-level transient spectrometer was used to perform conventional deep-level transient spectroscopy (DLTS) [7] in order to electrically probe and characterize traps states within the IMF and control cell bases. The rate windows ranged from 0.86 ms to 43 ms, and a long pulse width of 1 ms ensured that deep levels were fully filled. Capacitance transients were measured every 1 K in a heliumcooled cryostat capable of a temperature range from 20 K to 450 K. Figure 2 contains the external quantum efficiency (EQE) results from the best control and IMF devices. Compared to the control device, the IMF measured EQE demonstrate reduced collection efficiency, a result of low carrier lifetimes due to non-radiative recombination. The control cell was fit using a standard drift-diffusion model [8] and the minority carrier lifetimes were extracted. From this and Hall mobility data, the diffusion lengths of electrons in the p-type base were calculated to be 6 μm, which is near to the literature value of 8 μm calculated using data from [9] . In addition, Hall mobilities and the literature and QE fitted lifetimes were then used as inputs for Sentaurus Device by Synopsys®, a physics-based multidimensional device simulator, to simulate EQE results for the GaSb single junction cell. The Sentaurus EQE curve with QE fit lifetimes is also plotted in Figure 2 and is in relative agreement with the experimental measurement.
III. RESULTS

A. Quantum Efficiency
B. Illuminated I-V
The illuminated 1-sun I-V curves for control and IMF cells are shown in Figure 3 . The best GaSb control cell achieved 3% efficiency with an open-circuit voltage (V OC ) of 240 mV and a short-circuit current (J SC ) of 31 mA/cm 2 . Also plotted are three simulated I-V curves; two fit curves and one ideal curve. The ideal curve (red) makes use of the literaturereported lifetimes with minimal effect of parasitic resistance. The intermediate fit curve (green) uses the lifetimes from the QE fit, but does not add parasitic resistances, and is useful to show that the loss in V OC can be mainly attributed to an increase in Shockley-Read-Hall (SRH) recombination when compared to the radiatively limited lifetimes given by the literature. The remaining fit curve (blue) uses the QE fit lifetimes and includes the measured parasitic resistances, which are responsible for a significant loss in fill factor (FF). Shunting and non-radiative recombination is typically observed in MBE-grown GaSb mesa-isolated devices as the material is susceptible to surface leakage due to complex native oxide formed during and after etching [10] - [12] as well as possible pin-hole formation during epitaxial growth [13] . In the case of the IMF cell, it is known that shunting can occur due to a shunt tunnel forming along dislocation defects [14] - [16] . However, transmission electron microscope (TEM) images of the IMF cell revealed no discernible dislocations at the IMF boundary (see Figure 4) , and thus the cause of the IMF shunt must still be investigated.
The proposed IMF multijunction cells were designed to work under concentration, thus at higher minority carrier injection rates the shunt and SRH were expected to be mitigated. Figure 5 contains I-V curves for illumination up to 15 suns for control and IMF concentrator cells. Considerable gains in V OC and FF were observed when moving to 10 suns. For the control cell, 220 mV V OC and 39% FF improved to 340 mV and 50%, respectively, at 10 suns, which resulted in an increase in cell efficiency from 2.5% to 4.9%. Although V OC continued to increase at 15 suns, the FF dropped to 45% due to increased series resistance. This can be alleviated in future samples by using a thicker (2-3 μm) grid finger metalization. The IMF cell was also able to recover some FF, as the photoresistor-like 25% at 1-sun improved to 31% at 15 suns. Combined with the large increase of V OC , the resulting efficiency at 15 suns was 1%.
Concentration was varied up to 15 suns to obtain the I SC -V OC data plotted in Figure 6 . The control curve indicated that higher injection rates saturated non-radiative recombination centers in this device. In the section with ideality factor (n) of 3.2, a large portion of the V OC was recovered until states were filled at around 300 mV (4 suns), at which point the ideality factor approached unity. However, with the concentrations tested here, the IMF cell was unable to show complete state-filling behavior and remained at the ideality factor of 2.6. Higher concentration measurements should show improvement for both cells and are pending.
With an anti-reflective coating, higher concentration, and thicker metal contacts to reduce series resistance, dark current modeling predicts that the control cell will be capable of ∼8.5% efficiency. Given the improvement in V OC as a function of concentration due to the state filling at higher injection, the intended application of high concentration operation is ideal. However, improved shunt resistance and decreased surface recombination via native oxide removal and surface passivation or mitigation of growth-related defects and pinholes will alleviate the demand for concentrated illumination.
C. DLTS
Trap states were the suspected source of the low shunt resistance and higher non-radiative dark current in the IMF devices and thus DLTS was performed on both control and IMF cells to electrically characterize defects caused by the heteroepitaxial growth. The DLTS spectra and trap peak temperatures vs. trap emission rates are plotted in Figure 7 . The control spectra used a pulse from -0.14 V to +0.10 V, while the IMF was 0 V to +0.20 V due to leakage current which made larger reverse biases unfeasible. The depleted region was assumed to be entirely in the p-type base due to higher doping in the emitter leading to a one-sided abrupt junction. The pulse to forward bias functioned as a minority carrier injection pulse, ensuring that minority carrier traps could be detected.
The DLTS characteristics of all detected traps are listed in Table I . One majority trap, GaSb1, was found in the homoepitaxial GaSb p-type base with an activation energy of 0.50 eV above the valence band and with a moderate capture cross-section size of 7 × 10 −15 cm 2 (see Figure 7 ). Due to its discovery in the homoepitaxial device, this trap cannot be attributed to the IMF interface. Its properties are similar to a trap reported by Kuramochi et al., which they attributed to Te diffusion across the junction [17] . This trap was also observed in the IMF sample, though it was partly obscured by the stronger minority trap, IMF2, which was found at 0.65 eV below the conduction band. The cross-section of IMF2 was 8 × 10 −13 cm 2 , and a cross-section this large (>10 −16 cm 2 ) is typically indicative of a complex trap rather than a point defect [18] . The Arrhenius plot shows that the behavior of IMF2 was similar to GaSb1, even though the former was an electron trap and the latter a hole trap, but the nature of the interaction of the IMF with the GaSb1 trap is unclear at this time. The trap density of IMF2 was ∼6 times larger than that of GaSb1, and the relatively high trap density is a possible explanation for the high non-radiative dark current observed in the IMF cells. Fig. 7 . DLTS spectra of control and IMF samples using a 4.3 ms rate window and 1 ms pulse width. The inset is an Arrhenius plot of the trap peak temperatures vs emission rate for the three detected traps.
Another IMF trap, the hole trap labeled IMF1, was discovered at lower temperature with activation energy of 0.19 eV above the valence band and a with smaller cross-section of 3 × 10 −18 cm 2 . This trap was similar to the suspected Ga vacancy reported in [17] , possibly indicating that the IMF GaSb growth conditions lead to a greater concentration of native defects. While the density of IMF1 (2 × 10 15 cm −3 ) was low compared to IMF2, it was closer to mid-gap and thus could be a more effective Shockley-Reed-Hall recombination center.
IV. CONCLUSION
Homoepitaxial and IMF heteroepitaxial GaSb solar cells were grown via MBE. EQE results indicated that minority carrier diffusion lengths in the bulk homoepitaxial GaSb were excellent. In addition, the control cell achieved 5% efficiency with a V OC near the simulation limit under 15-sun AM1.5 illumination. The hetero-epitaxial GaSb, however, suffered from degraded lifetimes and the IMF cell was 1% efficient with roughly half the V OC as the control cell under the said illumination conditions. Shunting and high non-radiative dark current were main cause of FF and efficiency loss in the IMF devices. DLTS experiments revealed two defects exclusive to the IMF cells with relatively large trap densities (>10 15 cm −3 ), indicating that the IMF interface is the cause of electrically active trap states in IMF GaSb and is likely responsible for decreased carrier lifetimes.
